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Abstract 
The effect of damping and elastic nature on the control performance of a safety budget-industrial accident rate model in Korea was 
examined first. The effectiveness of such dynamic model in establishing safety policies is shown with a simple proportional-integral (PI) 
feedback control mechanism. Control performance was, for example, evaluated and proved to be effective to prevent and reduce the 
industrial accidents. Implications in feedback control of a safety system model suggested on optimization of safety policies are also 
explored. Without proper restructuring of the safety system, it would not be possible to hit the target industrial accident rate. Even if the 
target rate is met, the amount of industrial accident prevention fund (IAPF) required to reduce the industrial accident rate to the target 
level would be far beyond the social consensus. Cost-benefit analysis, however, indicates that benefit arising from the decrease in number 
of death in industrial accident with the efficient safety system model would sufficiently make up for the cost required. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Beijing Institute of 
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Nomenclature 
1  target value of accident rate (accident rate in Japan) 
2  actual (current) accident rate  
          proportionality constant.  
b            damping factor of the safety system model 
km elastic factor of the safety system model 
Kp          proportional control gain 
Ki           integral control gain 
1. Introduction 
Safety activities by government, industries and non-government organizations (NGOs), in general, require the safety 
budget whose source may vary depending on the types of those activities. Design of safety-guaranteed industrial 
environment is, in particular, important since it determines the ultimate outcomes of industrial activities involving safety of 
workers. Looking back the past 20 years, the accident rate in Korea drastically reduced to less than half of that in 20 years 
ago. Despite the increasing efforts to prevent and reduce the industrial accidents these days, however, the accident rate stays 
almost constant over the last few years. Since 1997, the rate had not improved much around a value between 0.7% and 0.8%.  
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The number of death in industrial accidents per 10,000 workers in Korea (fatality rate) is about 5 to 10 times greater 
than that of Japan and the most of major European countries. Safety policies and safety management of in industrial work 
places in Korea is known to be non-systematic and inefficient, which result in more than 2,400 cases of death in the year 
2008. In 2008, 95,806 workers had been reported injured. Compared to the current safety management system, more 
realistic and efficient safety management system is, therefore, required to prevent the industrial accidents and minimize the 
related property damages. 
The current safety management system is neither able to cope with the increasing demand for safer work place nor it is 
effective in terms of reducing the accidents and saving lives of workers and properties of industries. Then, a new method to 
enhance the overall performance of safety management system must be devised and implemented. Among many safety 
policies that affect the safety of workers in general, safety budget is known to have the fastest and most significant influence 
on preventing and reducing industrial accidents. Another advantage of safety budget over the other safety policies is that it 
is easily controlled and, therefore, easy to evaluate its performance. Attention needs to be paid to industrial accident 
prevention fund (IAPF) among various types of safety budget which is distributed and controlled by either the government 
or the government agency such as Korea Occupational Safety and Health Agency in Korea. Its control performance for 
prevention of industrial accidents also needs to be evaluated in relationship with the accident rate. 
Previous study showed the control performance of safety budget such as IAPF to prevent and reduce the industrial 
accidents [1, 2]. Specifically, the effect of IAPF on the safety performance in Korea was statistically examined and the role 
of IAPF was addressed to reduce the related accidents. This study is a continuation of the previous study and focuses on 
elaborating the effects of damping and elastic natures of safety system model with a simple proportional-integral (PI) 
feedback control mechanism in establishing safety policies. The control performance of the safety system model is then 
explained in view of maximizing the effect of IAPF and minimizing the absolute amount of IAFP. Implications in feedback 
control of safety system model suggested on optimization of safety policies are also explored. Cost-benefit analysis will 
then justify the restructuring of the safety system model to a more efficient one. 
2. Safety budget-accident rate relationship  
Fig.1 graphically shows the trends of IAPF and the industrial accident rate over the past 20 years (from 1989 to 2008). 
In the figure, IAPF was first adjusted using consumer price index over the past 20 years, and then normalized using the 
value in the beginning year 1989. The industrial accident rate was also normalized for comparison purpose to fit to the form  
 
)1( 21     (1) 
 
where 1 (=0.3) is the target value of accident rate (accident rate in Japan), 2  is the actual (current) accident rate and  is 
the proportionality constant.  is the difference between the accident rate (0.71) in the last year of the past 20 year period 
(2008) and the target value (0.3) and multiplied by a scaling factor for comparison. Ignoring various factors that might 
affect the accident rate other than safety budget, the figure indicates a striking similarity and, therefore, a remarkable 
correlation between them. This implies that one can model a system that has the normalized IAPF as input and the accident 
rate as output.  
 
 
Fig.1. Comparison of the normalized IAPF and the industrial accident rate over the past 20 years in Korea. 
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The continuous time model that best matches the input-out relationship (IAPF-Industrial accident rate relationship) was 
identified to be [3] 
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The model in Equation (2) was identified to minimize the root mean squared error between the model output and the actual 
output. 
3. A framework for control mechanism 
In order to model the IAPF-industrial accident rate relationship and find a useful mechanism that can control the 
accident rate, a feedback model of safety management system was suggested in Fig.2, [1, 2, 3]. In the figure, the system 
model (open-loop system) is a work place-process or worker-behavior model with IAPF as the input and the actual 
industrial accident rate as the output. Any difference between the target accident rate (input to the feedback system) and the 
actual accident rate (output of the feedback system) works to drive physical and social efforts to improve safety 
environment. The actual rate is the result of all the safety activities based on the physical and social feedback.  
As the safety budget for prevention of industrial accidents is saturated over the last several years, the industrial accident 
rate appears to converge to the value of 0.7% and stays constant thereafter. The accident rate does not seem to converge to 
the target value which is 0.3 or so in Japan and major European countries. Such tendency strongly implies that the safety 
budget such as IAPF needs to be increased to further decrease the accident rate to a level in advanced countries. 
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Fig.2. Feedback control model of industrial accident prevention fund–industrial accident rate relationship. 
 
Assuming that a safety system model of work place-process or worker-behavior model in Korea has a typical second 
order system as noted in Equation (2) with IAPF as the input, the safety system in Equation (2) can be rewritten in a more 
generic form as: 
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where b and km signify the damping nature and the elastic nature of the safety system model respectively. The safety system 
model in Korea has a form of type zero system (N=0 in Equation (3)) and so does the system transfer function. Type zero 
system has no pole on the origin of s-plane and, therefore, inherently has no integral action in the system [4].  
4. Effects of damping and elastic nature on the safety system model  
In the previous work, simulation study was performed to see whether the control objective can be met with proportional 
control (P-control) only [1, 2] using the safety system model given in Equation (2). Starting with IAPF which was 371.6 
billion won in 2008, extra fund needed to hit the target rate by the year 2030 which is 22 years after 2008 was calculated. A 
type zero system with P-control only has no pole on the origin of s-plane and, therefore, can’t make the permanent error 
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(error between the accident rate and the target rate) zero. Extra fund needed, however, was within the manageable range. 
The current safety system model coupled with only P-control tends to find an equilibrium state with less input (IAPF) and 
permanent error. Any safety policy based on the error between the target rate and the actual (current) rate will fail to track 
the target accident rate in this case. 
In order to eliminate the permanent error between target accident rate and the actual rate, one needs to include an 
integral action of the form given in Equation (4) in the feedback controller: 
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The appropriate gains for proportional and integral actions in the PI controller can be found to drive the actual accident 
rate to the target value. In Equation (3) and Equation (4), one can find numerous combinations of system models and PI 
controllers to accomplish the control objective. Different combinations of both the damping nature (damping factor b) and 
the internal elastic nature (elastic factor km) in a safety system model were, for example, tested to see their effect on the 
permanent error. A fixed values of kp=1 and ki=1 were used for simplicity of simulation. For compatibility of simulated data 
with those in the previous study, data in the year 2008 was used as the reference for prediction of the future trend. 
As noted in Equation (2), the current safety system model in concern inherently has stronger internal elastic nature than 
the damping nature. The elastic nature in safety system works to store the energy to drive the accident. The damping nature, 
on the contrary, acts to dissipate the accident-driving energy. The current safety system model has then to be altered so that 
the system exhibits more damping but less elastic nature in it, [3]. It appears that the damping factor has a minimal effect on 
the behavior of the safety system model, whereas the elastic factor has a significant effect. It is also apparent that there is a 
combination of the damping factor and the elastic factor that gives the optimum result without going beyond the target value. 
These values were found to be 2.1 and 1.0, respectively as in Equation (5). 
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When the safety system model modified to the one with more internal damping but with less elastic nature as in 
Equation (5) is used the simulated result is shown in Fig.3 and Fig.4. The integral control gain ki was set to 1 for the 
simulation. The target accident rate was achieved within 10 years or so with a more effective and efficient safety system 
model. What these figures imply is that effort in industrial safety activities in Korea needs to be directed toward modifying 
the internal structure of safety system. Such transition of direction of safety-securing effort may cost a little but be a more 
efficient way to reduce the accident rate to a target level, compared to a budget needed without restructuring of the safety 
system model. 
In view of restructuring the safety system model in Korea, any safety activity or culture has to be altered to nullify or 
minimize the inherent elastic nature, which will in turn lead to laws, regulations and policies of the nation suitable to the 
workplaces and management policy of the company that is prior to other policies. This will make the safety activities more 
effective and efficient. Dissipation of the accident-driving energy by the stronger damping nature will be made possible by 
reward which is connected to safety task or contingent to safety performance and education or training of workers and 
managers. The safety performance may be measured actively and regularly by the government. The workers and companies 
need to have the ability to undertake such education or training 
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Fig.3. Accident rate over the next 22 years with PI-action in the feedback loop. 
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Fig.4. Extra safety budget needed to accomplish accident rate in Fig.9 over the next 22 years. 
5. Estimation of social cost 
First, one can find a statistical relationship between the accident rate and the total number death due to industrial 
accident. Since the relatively old data lacks the consistency and does not reflect the current safety system, data over the last 
thirteen years from the year 1996 to 2008 had been used for modeling the relationship shown in Fig.5. A simple linear 
function between the number of death due to industrial accident and the CPI-adjusted social cost over the past 13 years is 
given by 
 
Number of Death = 1511·Accident Rate + 1349                              (6) 
 
 
Fig.5. Linear approximation of the relationship between the number of death due to industrial accident and the CPI(Consumer Price Index) adjusted social 
cost over the past 20 years. 
The average amount of social cost per death due to industrial accident was estimated to be 0.531 billion won 
(approximately $500,000) in 2008. The ratio of total social cost due to death and the cost of injury was 1 to 3.19 and, 
therefore, the total cost would be calculated to be  
 
Total social cost due to industrial accident = 4.19·0.531 (billion won)   (7) 
 
Control objective is defined to minimize the total cost over the years of control action in effect which is the sum of total 
social cost due to loss and the accident prevention fund needed to control the accident rate. One can find the optimum 
combination of the system model that minimizes the object function.  
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Fig.6 depicts the total social cost due to death over the next 10 years when the current safety system model in Equation 
(2) was used. Total cost increases monotonically despite the fact that the actual accident rate, death and injury are all 
decreasing. This is because the inefficient safety system requires more accident prevention budget than the expected benefit 
arising from cuts in social loss such as death in industrial accidents. Fig.7, however, indicate that the total social cost 
decreases drastically as the efficiency of the safety system improves as in Equation (5). It, therefore, appears that the 
efficiency of the safety system is a key factor in both saving lives of the workers on site and reducing the total social cost. 
Comparing the cost in Fig.4 and the benefit arising from the decrease in number of death in industrial accident and, 
therefore, the increase in benefit with the efficient safety system model in Fig.6 and Fig.7, one can conclude that the benefit 
assumed is far beyond the cost required to achieve the industrial accident rate in Fig.3 and would sufficiently make up for 
the cost required. Cost-benefit analysis justifies the restructuring of the safety system model to a more efficient one. 
 
 
Fig.6. Total social cost due to death calculated using Equation (6) and Equation (7) over the next 10 years when the current safety system model in 
Equation (2) was used. 
 
 
Fig.7. Total social cost due to death calculated using Equation (6) and Equation (7) over the next 10 years when the improved safety system model in 
Equation (5) was used. 
 
6. Conclusions 
The effect of damping and elastic nature on the control performance of a safety budget-industrial accident rate model in 
Korea was examined first. Control performance of a simple feedback system with PI action was proved to be effective in 
preventing and reducing the industrial accidents. Without proper restructuring of the safety system, it would not be possible 
to hit the target industrial accident rate. Even if the control objective is met, the amount of industrial accident prevention 
fund (IAPF) required to reduce the accident rate from the current level to the target level would be far beyond the social 
consensus. Cost-benefit analysis, however, indicates that benefit arising from the decrease in number of death in industrial 
accident with the efficient safety system model would sufficiently make up for the cost required. Implications in feedback 
control of a safety system model suggested on optimization of safety policies are also explored. As simulation examples 
suggest, the damping factor has a minimal effect on the behavior of the safety system model whereas the elastic factor has a 
significant effect. More effective and efficient safety system model with stronger internal damping nature but with weaker 
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elastic nature then needs to be devised and implemented in the future. The total social cost decreases drastically as the 
efficiency of the safety system improves. It, therefore, appears that the efficiency of the safety system is a key factor in both 
saving lives of the workers on site and reducing the total social cost. 
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